This work aims to show the importance of Zr-in-rutile thermometry for evaluating the P-T history of granulite-facies rocks, where higher diffusion rates in the main constituent minerals impede the use of geothermometers based on element distributions. We apply Zr-in-rutile thermometry to a garnet-clinopyroxene (Grt-Cpx) granulite from the Moldanubian Zone of the Bohemian Massif. Three major metamorphic evolutionary stages are identified from the Grt-Cpx granulite. The early high-pressure (HP) stage is represented by an inclusion assemblage in garnet: a high-Ca garnet core (32-38% grossular, 30-32% pyrope and 32-35% almandine) þ omphacite (36-39% jadeite and 3-5% Ca-Tschermak) þ plagioclase (18% anorthite) þ pargasitic amphibole þ rutile þ zircon þ quartz. The subsequent medium-pressure (MP) stage is represented by matrix minerals composed of augitic clinopyroxene (2-6% jadeite and 2-6% Ca-Tschermak) þ orthopyroxene þ ternary feldspar (17-23% anorthite, 41-44% albite, 33-43% orthoclase; reintegrated compositions from antiperthite grains in the matrix) þ rutile þ ilmenite þ quartz. The final low-pressure (LP) stage is represented by a symplectic corona composed of calcic plagioclase ($90% anorthite) þ orthopyroxene þ magnetite. Application of Grt-Cpx and/or jadeite-quartz-albite geobarometers gives pressures of $1Á8 GPa for the early HP stage and 1Á3-1Á4 GPa for the MP stage. The final LP stage is constrained to lower than $0Á7 GPa using conventional geothermobarometers. Rutile inclusions in high-grossular garnet have a rather low and limited range of Zr contents (mostly 1100-1500 ppm), regardless of inclusion size. This suggests that rutile inclusions preserved the initial Zr compositions without much modification by later re-equilibration. Application of Zr-in-rutile thermometry yields a temperature of $830 C at $1Á8 GPa for the early HP stage of granulite evolution. Rutile grains in undeformed clinopyroxene-rich domains of the matrix generally occur as small euhedral crystals and have higher Zr contents (mostly 8000-10000 ppm), corresponding to 980-1066 C at 1Á35 GPa using Zr-in-rutile thermometry. In contrast, those in strongly deformed quartz-rich domains of the matrix occur as coarser and more elongated grains with lower Zr contents (3000-5000 ppm), yielding slightly lower temperatures owing to retrogressive re-equilibration. Based on these results, we reveal that the studied Grt-Cpx granulite underwent a significant heating by about 200 C during the early stage of decompression from the peak pressure. Sensitive high-resolution ion microprobe U-Pb dating for the zircon inclusions in high-grossular garnet indicates that the HP stage of the studied granulite occurred at c. 340 Ma, which is indistinguishable from reported LP V C The Author 2017. Published by Oxford University Press. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com
INTRODUCTION
High-pressure (HP) granulites, which are intermediate in nature between eclogite and granulite, provide an important record of geodynamic processes in overthickened or subducted continental crust (Carswell & O'Brien, 1993; O'Brien, 2000 O'Brien, , 2006 O'Brien, , 2008 O'Brien & Rö tzler, 2003; Kotková , 2007) . In particular, decompression P-T paths deduced from these rocks are the key to understanding the exhumation processes of deeply subducted rocks. The two major rock types of HP granulites are garnet-kyanite felsic granulites and garnet-clinopyroxene (Grt-Cpx) intermediate to mafic granulites (e.g. Carswell & O'Brien, 1993; O'Brien & Rö tzler, 2003; Kotková , 2007; Vrá na et al., 2013) . A typical outcrop of these granulites is found in the Moldanubian Zone of the Bohemian Massif in eastern Europe (Fig. 1) ; for example, Grt-Cpx granulites commonly occur as small lenses or thin layers in volumetrically dominant felsic granulites (Carswell & O'Brien, 1993; Cooke, 2000; Cooke & O'Brien, 2001; Slá ma et al., 2007; Racek et al., 2008; Faryad et al., 2010; Stípská et al., 2014a, 12014b) . Both granulites have long been regarded as having isothermal or near-isothermal decompression P-T paths (Kotková , 2007) .
Traditionally, the peak P-T conditions of mafic to intermediate granulites have been estimated from high-grossular garnet cores and matrix augite or augite inclusions in garnet (e.g. Carswell & O'Brien, 1993; Cooke, 2000; Cooke et al., 2000; Cooke & O'Brien, 2001; O'Brien & Rö tzler, 2003; O'Brien, 2008) . However, recent studies have revealed that omphacite inclusions, as opposed to augite inclusions, are occasionally included in garnet cores from the Moldanubian Grt-Cpx granulites (Usuki et al., 2007; Racek et al., 2008; Faryad et al., 2010; Stípská et al., 2014a Stípská et al., , 2014b . For these Grt-Cpx granulites, previous methods of estimating the peak P-T conditions are not applicable, because augite has not equilibrated with the garnet cores. On the other hand, P-T estimation using high-grossular garnet cores and omphacite inclusions is difficult in rocks that have experienced subsequent granulite-facies overprinting, because omphacite inclusions are generally small (<200 lm) and their Fe-Mg compositions at the peak pressure may have been diffusionally reset during overprinting. Thus, more reliable temperature indicators of the peak pressure conditions are required for the precise estimation of the decompression P-T history of HP rocks that have undergone granulite-facies overprinting.
Zr-in-rutile thermometry is a potential tool for precisely evaluating the temperature conditions prior to subsequent higher-temperature overprinting. This thermometry was empirically calibrated by Zack et al. (2004) and subsequently experimentally calibrated Tomkins et al., 2007) . It has also been successfully applied to HP-LT (blueschist to eclogite-facies) and HT-LP (granulite-facies) metamorphic rocks (e.g. Spear et al., 2006; Zhang et al., 2009; Jiao et al., 2011; Meyer et al., 2011; Kooijman et al., 2012; Ewing et al., 2013; Korhonen et al., 2014; Pape et al., 2016) . A remarkable characteristic of Zr-in-rutile thermometry is its high resistance to resetting under high-temperature conditions (Zack et al., 2004; Ewing et al., 2013) . In particular, rutile grains in garnet can potentially preserve their initial equilibrium conditions (Zack et al., 2004; Pauly et al., 2016) . This characteristic may be useful for determining the decompression P-T paths of the Grt-Cpx granulites in the Moldanubian Zone, because rutile is occasionally included in high-grossular garnet cores that were formed during the peak pressure stage.
To examine this possibility, we apply Zr-in-rutile thermometry to the rutile inclusions that formed in the early HP stage and the matrix rutile grains that formed during the later medium-pressure (MP) granulite-facies stage. We propose a new decompression P-T path based on the combined use of Zr-in-rutile thermometry and Grt-Cpx and/or jadeite-quartz-albite (Jd-Qtz-Ab) barometry and discuss its implications for the exhumation tectonics of HP granulites in the Moldanubian Zone.
GEOLOGICAL SETTING
The Moldanubian Zone of the Bohemian Massif (Fig.  1a ) comprises three major units: the Monotonous, the Varied, and the Gfö hl units (Fig. 1b; Fuchs & Matura, 1976; Franke, 1989; Fiala, 1995) , from lower to upper structural levels. The Monotonous and Varied units are mostly composed of amphibolite-facies rocks, whereas the Gfö hl unit contains numerous granulite-facies rocks accompanied by eclogite-facies rocks and peridotites (Fuchs & Matura, 1976; Tollmann, 1982 Tollmann, , 1995 Franke, 1989; Matte et al., 1990; Carswell & O'Brien, 1993) . High-pressure (HP) to ultrahigh-pressure (UHP) conditions have been reported for these eclogites and peridotites (2-6 GPa; Medaris et al., 1990; Nakamura et al., 2004; Naemura et al., 2009a Naemura et al., , 2009b . There are several large granulite complexes in the southern part of the Moldanubian Zone: the Blansk y les, Prachatice, K ri st'anov, and Li sov massifs (Fig. 1b; Vrá na, 1997) . The P-T conditions of the dominant felsic granulites have been determined by conventional geothermobarometry: the peak P-T conditions are 1Á6-2Á3 GPa and 900-1100 C (Carswell & O'Brien, 1993; Cooke & O'Brien, 2001; Fran ek et al., 2006; Janou sek et al., 2006; Kotková & Harley, 2010; Vrá na et al., 2013) . Recently, UHP minerals such as microdiamond, coesite, and moissanite have also been found in granulites from the north Bohemian crystalline complex and in the Moldanubian Zone (Kotková et al., 2011; Perraki & Faryad, 2014; Haifler & Kotková , 2016) .
Zircon U-Pb ages from the Moldanubian granulites are almost consistently c. 340 Ma (van Breemen et al.,
1982; Aftalion et al., 1989; Krö ner et al., 1998 Krö ner et al., , 2000 Friedl et al., 2003; Slá ma et al., 2007) . In contrast, SmNd ages of c. 10-15 Myr earlier have been documented for garnet cores with prograde zoning by Svojtka et al. (2002) in the granulites. Moreover, some older ages of c. 360 Ma have been reported as the granulite magmatic age of the zircons (Janou sek et al., 2006) . However, ages older than 340 Ma, which cover a wide spectrum of ages between the protolith intrusion and HP metamorphism, are still under debate. The youngest granulite event, interpreted as the LP-HT stage, is constrained by a U-Pb zircon age of c. 318 Ma (Svojtka et al., 2002) .
The studied Grt-Cpx granulites were collected from the Rohy area of the Blansk y les massif (48 53 0 53 00 N, 14 14 0 27 00 E; Fig. 1b ) where they are exposed as several tens of meters long lenses surrounded by felsic granulites (Slá ma et al., 2007). Zircon U-Pb geochronology and Hf isotope analysis of Grt-Cpx granulites from this area were conducted by Slá ma et al. (2007) . They reported a laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) U-Pb age of $343 Ma and a decompression age of 331-333 Ma from the Hf isotope evolution in garnet and orthopyroxene.
ANALYTICAL TECHNIQUES
Backscattered electron (BSE) images of minerals and cathodoluminescence (CL) images of zircon grains in polished thin sections and sample mounts were taken using a scanning electron microscope (JEOL JSM-6300LV) equipped with a panchromatic CL imaging system at the Institute of Earth Sciences, Academia Sinica, Taipei (IESAS).
X-ray compositional mapping was performed using a field emission (FE) electron microprobe analyzer (JEOL JXA-8500 F) at IESAS. The operating conditions were 12 kV and 12 or 25 nA for the acceleration voltage and beam current, respectively, with a focused or 2 mm defocused beam. The X-ray intensity of each element was counted for 0Á025 s at an interval of 1-2 mm with the X-Y stage driving.
The major element chemistry of minerals and Zr contents in rutile were also measured using the JXA-8500 F. For silicate mineral analysis, including garnet, feldspar, amphibole, mica, and pyroxene, a 2 mm defocused beam was used at an acceleration voltage of 12 kV with a beam current of 6 nA. The measured X-ray intensities were corrected by the ZAF method using the standard calibration of synthetic and natural standard minerals. For the Zr-in-rutile analysis, the elements Ti, Zr, Nb, Cr, Si, Fe and O were analyzed. Analytical conditions include an acceleration voltage of 20 kV and a beam current of 200 nA. The beam diameter was 2 or 5 lm depending on the grain size of rutile. The quantitative data were corrected by the PR-ZAF method (Reed, 1993) , using synthetic rutile and zircon standards. Quantitative analyses for Zr were confirmed by rutile standards Diss-2 (97Á8 ppm), R-19 (264Á4 ppm), and R-10 (768Á9 ppm) .
Ti concentration in zircons was measured using an Agilent 7900 equipped with a 193 nm excimer laser system (Photon Machines) at IESAS. A spot size of 20 mm was used. The isotope 49 Ti was analyzed because of isobaric interference of double-charged 96 Zr and 48 Ca. SiO 2 contents of zircon and NIST612 were used for internal and external standards, respectively.
Rare earth element (REE) and Zr concentrations in garnet were analyzed using a tandem quadrupole mass spectrometer (MS/MS) and collision/reaction cell (CRC) system (Agilent 8800) equipped with a Newwave 213 laser system at Gakushuin University, Japan. A spot size of 15 mm was used. A mass shift mode by flowing oxygen gas in the CRC was used during measurement, which maximizes the sensitivity while removing the mass interference from polyatomic and multi-charged ions (Balcaen et al., 2015) . SiO 2 concentration of garnet and NIST610 were used for internal and external standards, respectively.
Zircon U-Pb ages were analyzed using the sensitive high-resolution ion microprobe (SHRIMP-II) at the National Institute of Polar Research, Japan. The zircon grains were mounted in epoxy, polished down to grain centers, cleaned and then coated with $100 nm of gold. A -18 to -2Á5 nA primary O 2-ion beam was used to produce a 25 mm Â 20 mm flat-floored oval crater. The abundance of U was calibrated against zircon standard SL13 (238 ppm) provided by the Australian National University. Raw data reductions for standards and samples were performed using SQUID v.1.12 a (Ludwig, 2001) and Isoplot 4 (Ludwig, 2003) . Sample U-Pb measurements were calibrated against zircon standard FC1 (1099 Ma; Paces & Miller, 1993) . Corrections for common Pb on U/Pb ratios and ages were made using the 204 Pb method.
PETROGRAPHY AND MINERAL CHEMISTRY
Several intermediate Grt-Cpx granulite samples, including RHU1, RHU6 and RHU8, were collected from one outcrop in the Rohy area (Fig. 1) . These samples have a generally similar mineral assemblage, mineral chemistry and texture. We describe a representative sample RHU1 here. A Grt-Cpx granulite from this area was studied by Slá ma et al. (2007) ; however, omphacite inclusions in garnet, which are the key mineral for determining the P-T conditions of the early HP stage, have not yet been reported. Here we describe the mode of occurrence of omphacite inclusions in detail, including chemical zonation and the correlation between mineral chemistry and grain size. RHU1 is characterized by abundant garnet porphyroblasts 1-3 mm in diameter within a gneissic matrix (Fig. 2a) , which is mainly composed of a granoblastic clinopyroxene-feldspar (Cpx-rich) domain (Fig. 2b) and an elongated quartz-feldspar (Qtz-rich) domain (Fig. 2c) . The mineral paragenesis of the studied sample is summarized in Fig. 3 . Garnet porphyroblasts include omphacite (Figs 4 and 5), amphibole (Fig. 5) , plagioclase (Fig. 6) , perthite ( Fig. 7) , quartz, rutile (Figs 8-10), zircon (Fig. 10) , and apatite. In addition to these mineral inclusions, garnet occasionally contains small ($10 lm) polygonal glass inclusions associated with fine-grained biotite, epidote and amphibole, suggesting incipient dehydration melting in the high-pressure stage. The Cpx-rich domain in the matrix has a granoblastic texture, mainly composed of augitic clinopyroxene, orthopyroxene, antiperthitic plagioclase, K-feldspar, quartz, and small amounts of rutile, biotite and zircon (Fig. 2b) . The Qtz-rich domain is more deformed and mainly composed of quartz, antiperthitic plagioclase and K-feldspar, associated with small amounts of orthopyroxene, clinopyroxene, rutile, ilmenite and zircon (Fig. 2c) . Quartz and rutile grains in this domain are occasionally strongly elongated. Omphacite never occurs in the matrix, suggesting that the matrix was completely recrystallized to augitic clinopyroxenebearing assemblages during the decompression stage.
Garnet porphyroblasts are surrounded by Qtz-free inner and outer corona textures (Fig. 4a) . The inner corona is mainly composed of a symplectitic intergrowth of orthopyroxene, calcic plagioclase, and magnetite (Opx-AnMgt). Symplectite with a similar mineral assemblage is also identified along cracks within the garnet. The outer corona is composed of plagioclase along with orthopyroxene and biotite laths. Slá ma et al. (2007) described a similar texture of inner and outer coronas and suggested that they were formed by breakdown of garnet during the decompression stage. Therefore, we can mainly distinguish the three metamorphic stages as shown in Fig. 3 : (1) HP stage, represented by a mineral inclusion assemblage in garnet such as omphacite, sodic plagioclase, quartz, rutile, and zircon; (2) MP stage, represented by augitic clinopyroxene, orthopyroxene, ternary feldspar, quartz, rutile, ilmenite, and zircon; (3) LP stage, which is represented by corona textures around the garnet. Regarding perthite inclusion, we interpret that it was primary, included as K-feldspar in the HP stage and converted to ternary feldspar in the MP stage. This interpretation will be considered in detail later.
Mineral abbreviations used in this study are as follows: Amp, amphibole; Bt, biotite; Cpx, clinopyroxene; Grt, garnet; Ilm, ilmenite; Mgt, magnetite; Omp, omphacite; Opx, orthopyroxene; Pl, plagioclase; Qtz, quartz; Rt, rutile; Zrn, zircon; Alm, almandine; Grs, grossular; Sps, spessartine; Prp, pyrope; Jd, jadeite; CaTs, CaTschermak; Di, diopside; Hd, hedenbergite; Ab, albite; An, anorthite; Or, orthoclase.
Garnet
Representative garnet major element compositions (grains G1 to G9) are given in Supplementary Data Table  S1 (supplementary data are available for downloading at http://www.petrology.oxfordjournals.org). For application of the Grt-Cpx barometry of Beyer et al. (2015) , we calculated the garnet formula assuming all Fe as Fe 2þ . If Fe 3þ is estimated using the Droop (1987) method, Fe 3þ / total Fe ratios are less than 5% for most analyses, except the cores of G2 and G4 and near the omphacite inclusion in G8, which give 6-10%. Most garnet grains have homogeneous cores with relatively grossular-and pyrope-rich compositions and spessartine-poor compositions (X Grs ¼ 0Á322-0Á378, X Prp ¼ 0Á302-0Á322, X Alm ¼ 0Á317-0Á354, X Sps ¼ 0Á004-0Á010), which partially overlap with the composition range of garnet reported for Grt-Cpx granulites from the Moldanubian Zone (Fig. 11) . The pyrope component is generally homogeneous in the core and decreases at the margins in most grains, but some grains (e.g. G7) show a slight increase in the pyrope component and X Mg from the core to near the rim and a decrease at the rim (Fig. 4b) . In such grains, the grossular component shows a complementary decrease from the core to near the rim. The grossular component occasionally shows significant decrease at the margin. The amount of spessartine is low and constant except for at the rim where it increases slightly to X Sps ¼ 0Á02-0Á03, suggesting minor resorption of the garnet. Grossular components also commonly decrease in the vicinity of omphacite (Fig.  5b) , plagioclase (Fig. 6 ), and perthite ( Fig. 7) inclusions, but rarely with rutile inclusions (Fig. 9) .
G7 garnet has also significant trace element zonings. Figure 4c shows selected trace element profiles along the line traverse of major elements (Supplementary  Data Table S2 ). Zr and light REE (LREE; such as Ce, Nd, and Sm) contents are high at the core and decrease outward (Fig. 4c) , which indicates that garnet preserves growth zoning for trace elements. Heavy REE (HREE) and Zr occasionally increase at the rim, probably owing to resorption of garnet during decompression. The Eu anomaly (Eu/Eu*) values are slightly negative and almost constant except at the outermost rim (Fig. 4d) , suggesting that garnet porphyroblasts mainly grew at the HP stage. Zr in garnet does not increase in the vicinity of rutile inclusions (Figs 4c and 8) , suggesting no significant diffusional loss of Zr from rutile inclusions.
Omphacite
Omphacite is found only as euhedral inclusions in garnet, 50-200 lm long in the short dimension (Figs 4a and 5a). It is never identified in the matrix. Representative omphacite compositions (grains OM1 to OM9) are given in Supplementary Data Table S3 . Omphacite formulae were calculated assuming all Fe as Fe 2þ , according to Beyer et al. (2015) . Fe 3þ was not detected by calculation using the Droop (1987) method for large omphacite grains (89-177 lm). Jd, CaTs, and CaEs components were also estimated based on the Beyer et al. (2015) method. CaEs components are zero or very low (<0Á04). Omphacite grains show compositional zonation (Figs 5b and 12); for example, X Jd is highest at the core and decreases toward the rim (X Jd ¼ 0Á23-0Á39 at the cores, X Jd ¼ 0Á21-0Á32 at the rim). Conversely, X CaTs is low at the core and increases slightly towards the rim (X CaTs ¼ 0Á09-0Á18 at the core, X CaTs ¼ 0Á17-0Á20 at the rim). In general, omphacite grains longer than 60 lm in the short axis have similar X Jd and X CaTs contents in the core (X Jd ¼ 0Á35-0Á39, X CaTs ¼ 0Á09-0Á11); however, the cores of smaller grains show lower X Jd and higher X CaTs than those in larger grains (Fig. 13a) , which suggests that the composition of small grains, even in the core, was modified during decompression. This zoning trend and the observed composition range overlap with the reported compositional range of omphacite inclusions in Grt-Cpx granulites from the Moldanubian Zone (Fig. 12) . 
Augitic clinopyroxene
Clinopyroxene identified in the matrix coexists with orthopyroxene, antiperthitic plagioclase, quartz, rutile and ilmenite, and has an augitic composition. Representative compositions are shown in Supplementary Data Table S4 . X Mg is fairly homogeneous (X Mg ¼ 0Á7) through the augite and the X Jd (0Á03-0Á07) and X CaTs (0Á03-0Á14) values of the core are slightly higher than those in the rim (Fig. 12) . The observed composition range of the matrix augite also overlaps with the reported compositional range of augitic clinopyroxene in Grt-Cpx granulites from the Moldanubian Zone. Secondary augitic clinopyroxene occasionally occurs in garnet but is not found in the corona textures around garnet.
Orthopyroxene
Orthopyroxene occurs both in the matrix and in the coronas that developed around garnet. Representative compositions of orthopyroxene are given in Supplementary Data Table S5 . Orthopyroxene grains in the Cpx-rich domain have 2-3% of wollastonite with an almost constant X Mg of $0Á6. The Al 2 O 3 content of orthopyroxene in the matrix is controlled by the minerals; for example, 1-2 wt % in the clinopyroxene-bearing domain, but 3Á2-3Á5 wt % in the clinopyroxene-free domain. Orthopyroxene in the Opx-An-Mgt symplectite of the inner corona has 1-2% wollastonite with an almost constant X Mg of 0Á62.
Amphibole
One large amphibole is identified as an inclusion in garnet in this study, but it never occurs in the matrix or the coronas. The amphibole inclusion is accompanied by rutile and omphacite inclusions in garnet (Fig. 5) . A representative analysis of the amphibole is reported in Supplementary Data Table S5 . The mineral formula is calculated using the procedure proposed by Holland & Blundy (1994) . The amphibole has Si ¼ 5Á73-5Á88, Ca ¼ 1Á69-1Á79, Ti ¼ 0Á33-0Á39 and X Mg ¼ 0Á74-0Á76. According to the classification of Leake et al. (1997) , it is categorized as pargasite. Slá ma et al. (2007) also described amphiboles, but their occurrence (they occur in the matrix and in the corona around garnet) and mineral compositions (magnesio-hornblende) are different from that described here.
Biotite
Fine biotite flakes (10-100 lm) occur in the Cpx-rich domain. Coarser biotite laths (200-500 lm) occur in the outer Table S5 .
Plagioclase
Plagioclase occurs as euhedral inclusions in garnet, in the matrix and in the coronas around garnet. Representative compositions of plagioclase are reported in Supplementary Data Table S6 . Although plagioclase inclusions have a wide range of compositions from An 18 to An 90 , we can classify them based on their occurrence. Sodic plagioclase inclusions ($An 18 ) are occasionally found in the grossular-rich cores of garnet. They have a polygonal shape and a relatively homogeneous composition. Other euhedral plagioclase inclusions are more calcic ) and are usually surrounded by a pronounced Ca-depletion halo in host garnet (Fig. 6 ). They occasionally have weak zoning from An-poor cores to An-rich rims (from An 34 to An 46 ), which represents re-equilibration of the plagioclase inclusions by reaction with the host garnet during decompression (Whitney, 1991; Cooke et al., 2000) . Plagioclase with similar compositions also formed around perthite inclusions in garnet. Acicular plagioclase inclusions occasionally occur near the rims of garnets or near OpxAn-Mgt symplectites along cracks within the garnet. They usually have very high An contents ). Similar acicular calcic plagioclase occurs around garnet and occasionally penetrates into garnet rims. Thus calcic plagioclase inclusions probably represent part of the corona-forming plagioclase around garnet. Thus, we interpret that the most sodic plagioclase inclusions ($An 18 ) preserve the initial equilibrium compositions at the HP stage. In the matrix, plagioclase grains show mosaic textures with augitic Cpx. They commonly contain antiperthitic K-feldspar lamellae in the core and have a slight zonation from an An-poor core (32) (33) ) to an Anrich rim (39) (40) (41) (42) (43) ). More calcic plagioclase grains occur in the outer corona (An 50-60 ) and in the symplectitic inner corona ($An 90 ) around garnet porphyroblasts.
Antiperthite and perthite
Antiperthite (or antiperthitic plagioclase) occurs in the matrix, whereas perthite is found as euhedral inclusions in garnet in the studied Grt-Cpx granulite. Antiperthitic plagioclase occurs with augitic Cpx in the matrix, suggesting that ternary feldspar coexisted with augitic Cpx in the ultrahigh-temperature (UHT) condition at the MP stage. Plagioclase host and K-feldspar lamellae compositions in antiperthite grains are $An 30-40 and $Or 90 , respectively (Supplementary Data Table S7 ). The ternary feldspar compositions were estimated from the modes and compositions of plagioclase host and Kfeldspar lamellae of antiperthite grains (Supplementary Data Table S7 ). The reintegrated ternary feldspar compositions are in the range An 17 Ab 41 Or 42 -An 23 Ab 44 Or 33 , which plot in an An-Or-Ab ternary diagram with the solvus curves at 1Á3 GPa (Fig. 14) , calculated using the thermodynamic model of Fuhrman & Lindsley (1988) . The reintegrated compositions for antiperthite grains plot between the 1050 and 1100 C solvus curves. Idiomorphic perthite is occasionally included in garnet (Fig. 7a) . The reintegrated compositions for perthite inclusions vary from An 5 Ab 14 Or 81 to An 10 Ab 29 Or 61 , which plot around the 900 and 1000 C solvus curves (Fig. 14) . These perthite inclusions show a significant reaction with the host garnet, which always displays a prominent Ca-depletion halo in garnet, in which the CaO contents of the host garnet drop from $9 wt % to $5 wt % within $200 mm (Fig. 7b) . The rim of perthite inclusions is replaced by thin plagioclase film (Fig. 7a) . This plagioclase film (An 30-40 ) commonly connects to the plagioclase lamella within the perthite grain. The plagioclase lamellae have similar compositions to the plagioclase film ( Fig. 7 ; Supplementary Data Table S7 ). These occurrences suggest that the initial feldspar inclusions could have been less ternary (probably close to K-feldspar compositions) and were modified by reaction with the grossular component of garnet during decompression. This interpretation is consistent with the occurrence of low-Zr rutile inclusions in high-grossular garnet, as shown in detail below. The lower temperatures from the perthite inclusions suggest an incomplete reaction with the host garnet owing to slow Ca diffusion in garnet.
Rutile and ilmenite
Rutile occurs as inclusions in garnet or in the matrix, but it is not found in the coronas around garnet. The rutile inclusions usually have a rounded shape with a short axis of 30-150 lm (Figs 4a, 5a, 8a, and 9). They are commonly associated with omphacite and always included in the high-grossular core of garnets, suggesting that the rutile inclusions were formed in the HP stage. Both rutile and zircon are occasionally included in the same garnet porphyroblast (Fig. 10c-e) , which indicates that the rutile inclusions have been formed in zircon-saturated conditions. Most rutile inclusions have ilmenite lamellae a few microns to submicrons in thickness. In the matrix, rutile grains show two modes of occurrence. Rutile in the Cpx-rich domain occurs as fine (10-20 lm) euhedral crystals in contact with augitic clinopyroxene, antiperthite, plagioclase and quartz (Fig.  2b) . Rutile grains in the Qtz-rich domain occasionally show coarse (up to >500 lm) and elongated shapes (Fig. 2c) . We interpret that the rutile grains in the matrix were formed at lower-pressure conditions than the rutile inclusions in garnet, because the former coexist with augitic clinopyroxene. Most rutile grains in the matrix have ilmenite lamellae and some of them are partially or fully replaced by ilmenite (Fig. 2c) . Although exsolution of zircon within rutile or crystallization of zircon in the vicinity of rutile is occasionally reported in Fig. 11 . Grs-Alm-Prp ternary plot of garnet in the studied sample (RHU1). Shaded area indicates the garnet compositions of Grt-Cpx granulites from the Moldanubian Zone (Carswell & O'Brien, 1993; Cooke et al., 2000; Slá ma et al., 2007; Racek et al., 2008; Faryad et al., 2010; Stípská et al., 2014a Stípská et al., , 2014b . (Carswell & O'Brien, 1993; Cooke et al., 2000; Racek et al., 2008; Faryad et al., 2010; Stípská et al., 2014a Stípská et al., , 2014b . high-temperature metamorphic rocks Jiao et al., 2011; Kooijman et al., 2012) , this is not observed in the studied sample.
Zircon
Zircon grains commonly occur as inclusions in garnet ( Fig. 10a-e) . They have spherical or rounded shapes 50-200 lm in diameter. Sometimes these zircon grains are associated with Opx-An-Mgt symplectite, formed along cracks developed within garnet (Fig. 10e) . Large rounded zircon grains (200-440 lm) also occur in the matrix (Fig. 10f) . Zircon inclusions are typically composed of a relic core, dark-CL sector zoned mantle and bright-CL sector zoned rim (Fig. 10c) , which is very similar to the internal structure of zircon in high-grade metamorphic rocks described by Schaltegger et al. (1999) . Relic cores occasionally show strongly blurred oscillatory zoning (Fig. 10c) . In contrast, sector zoned domains show sharp zone boundaries. Some zircon inclusions have only a sector zoned domain without a relic core ( Fig. 10a and b) . Zircon grains in the matrix also have similar internal structures, but in general they have much wider bright-CL sector zoned rims (Fig. 10f) , suggesting zircon growth during advanced partial melting (Schaltegger et al., 1999) at the MP stage. Slá ma et al.
(2007) observed the internal structure of zircon grains in a similar intermediate granulite using BSE and described zircons that are composed of bright-BSE cores and dark-BSE rims. In general, bright-BSE and dark-BSE domains of zircon are dark and bright in CL, respectively (Hanchar & Miller, 1993) . This relation was confirmed in the studied sample. We note that CL can clearly distinguish relic cores and dark-CL sector zoned domains ( Fig. 10c-e ), which are difficult to distinguish using BSE images.
Apatite
Apatite grains have a 50-200 lm spherical to spindle shape. They occur in the matrix and as inclusions in garnet. Some radial cracks are observed in the host garnet around apatite inclusions.
CONVENTIONAL GEOTHERMOBAROMETRY
We applied conventional thermobarometry based on the mineral paragenesis of each stage shown in Fig. 3 . To estimate the pressure condition of the HP stage, we used Grt-Cpx (Beyer et al., 2015) and Jd-Qtz-Ab (Anovitz, 1991) barometers. Traditionally high-grossular garnet, augitic Cpx and ternary feldspar compositions have been used to estimate the peak P-T conditions of GrtCpx intermediate granulites in the Bohemian Massif (Carswell & O'Brien, 1993; Cooke, 2000; O'Brien, 2008) . However, the Cpx inclusions in high-grossular garnet are not augitic Cpx but omphacite in the studied granulite. Thus the omphacite inclusion compositions were used in the barometric calculations for the HP stage. For the pressure estimation of the MP stage, Grt-Cpx barometry is not applicable to the studied sample, because Grt rims are largely replaced by an Opx-An-Mgt symplectite. We used Jd-Qtz-Ab barometry and feldspar thermometry (Fuhrman & Lindsley, 1988) for the MP stage. Finally we constrained the P-T condition of the LP stage using GrtOpx thermometry and Grt-Opx-An-Qtz barometry. These results are summarized in Tables 1-3. HP stage (inclusion assemblage) Garnet-clinopyroxene barometry As a result of the Ca-Tschermak (CaTs) component in clinopyroxene being pressure-dependent, Mukhopadhyay (1991) 
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. Temperatures (T) for Grt-Cpx pairs were calculated at 1Á8 GPa. P85, Powell (1985) ; N09, Nakamura (2009).
(see Nakamura et al., 2004) . Although Simakov (2008) also presented a geobarometer based on this reaction, most of the data used for his calibration are also not suitable for eclogites. Beyer et al. (2015) recently calibrated this reaction based on their own HP experiments, as well as available experimental datasets using eclogite compositions from previous studies, and proposed a practical barometer for eclogite-facies rocks. This barometer reproduces the experimental results of not only bimineralic eclogites but also quartz-and kyanite-bearing eclogites. Thus it is applicable to a wide pressure, temperature, and compositional range.
We applied this barometer to nine omphacite inclusion (core)-garnet (core) pairs from the studied granulite. As the cores of larger omphacite inclusions (64-177 lm) have fairly constant CaTs and Jd contents (0Á04-0Á05 and 0Á36-0Á39, respectively; Fig. 13a ), we obtained consistent results; 1Á73-1Á87 GPa at 830 C ( Fig. 13b; Table 1 ). Garnet core compositions, especially Alm and Prp, could have been slightly modified during decompression, because Fe and Mg diffuse faster than Ca in garnet (Vielzeuf et al., 2007) . This potential modification could affect the calculated pressures. However, according to Beyer et al. (2015) , the contributions to the activity term in equation (1) are approximately 40% CaTs, 15% Di, 10% Prp, and 35% Grs. Thus the effect of slight modification of the Prp contents of garnet on the calculated pressures may be minor. If an omphacite inclusion became X Mg poorer (i.e. decrease in Di component) during a temperature increase in the decompression stage, the effect on calculated pressures could be considerably offset by a slight increase of the CaTs component (Fig. 5) . Therefore, the effect of compositional modifications on the barometry calculation is probably insignificant, although it is difficult to evaluate this effect precisely. To test the validity of our results, we applied this barometer to a reported omphacite (Jd 40 )-garnet composition pair in a Grt-Cpx granulite (sample KL2N, Stípská et al., 2014a) from the Klet' area ($7 km SE of the study area) in the Blansk y les massif. This gave $1Á85 GPa at 830 C, which is consistent with the Jd 40 isopleth calculated using THERMOCALC 3.3 ( fig. 9 of Stípská et al., 2014a) . Thus we conclude that Grt-Cpx barometry (Beyer et al., 2015) gives reasonable results for the Grt-Cpx granulites of the Blansk y les massif. Smaller omphacite grains (46-49 lm) give lower pressures (0Á90-1Á41 GPa, Fig. 13b ; Table 1 ), suggesting that they underwent re-equilibration during later decompression. Our results suggest that the coarser (!64 lm) omphacite inclusions can preserve the early HP composition in the cores owing to slow Al diffusion in clinopyroxene, even at UHT condition (Anovitz, 1991) . We also applied this barometer to two omphacite rimadjacent garnet pairs and obtained 1Á38-1Á39 GPa at 1020 C (Table 1) , which indicate that omphacite rims were re-equilibrated at the MP stage.
Jadeite-quartz-albite barometry
The proportion of the jadeite component in clinopyroxene coexisting with plagioclase and quartz is pressuredependent through the following reaction: NaAlSi 2 O 6 ðjadeiteÞ þ SiO 2 ðquartzÞ ¼ NaAlSi 3 O 8 ðalbiteÞ:
This end-member reaction has been experimentally determined (e.g. Holland, 1980 Holland, , 1983 and is commonly used as a geobarometer for HP rocks (e.g. Ganguly, 1973; Stípská et al., 2004) . This barometer has also been successfully applied to granulite-facies rocks by considering the effect of the CaTs component on jadeite activity in clinopyroxene (Anovitz, 1991; Yoshino et al., 1998) . Thus, it is suitable for estimating the early HP conditions of the studied Grt-Cpx granulite, and it provides an opportunity to evaluate the results from GrtCpx geobarometry.
We applied this barometer (Anovitz, 1991) to composition pairs of omphacite and the most sodic plagioclase inclusion, which is interpreted to preserve the equilibrium composition at the HP stage. As for omphacite, we used the core composition of inclusions with different sizes. The temperature condition of 830 C was assumed, as is the case in Grt-Cpx barometry. We obtained 1Á78-1Á83 GPa for larger inclusions (64-177 lm) and 1Á61-1Á78 GPa for smaller inclusions (46-49 lm, Inclusions in garnet (omphacite-plagioclase)
Activity of Jd in omphacite and Ab in plagioclase inclusion was calculated using the Anovitz (1991) and Newton (1983) models, respectively. Ab activity in ternary feldspar was calculated using the Fuhrman & Lindsley (1988) model. Pressure (P) for omphacite core-plagioclase and augitic Cpx-ternary feldspar pairs was calculated at 830 C and 1020 C, respectively. Table 2 ). The results for the larger inclusions agree well with those from the Grt-Cpx barometry (1Á73-1Á87 GPa, Fig. 13b ).
Garnet-clinopyroxene Fe-Mg thermometry
Fe-Mg thermometry was applied to the same pairs that were used in Grt-Cpx barometry. The calculation was performed using the MS-Excel sheet GrtCpxThermo V4.xls of Dr D. Nakamura (http://www.sky.sannet.ne.jp/ minadai/ToolE.htm). The pressure condition was assumed to be 1Á8 GPa. The results are shown in Table 1 . Larger omphacite inclusions (64-177 lm) give 1023-1084 C and 951-1008 C using the Powell (1985) and Nakamura (2009) calibrations, respectively. Lower temperatures (715-958 C) were calculated for smaller inclusions (48-49 lm). The interpretation of these results will be discussed below.
MP stage (matrix assemblage) Feldspar thermometry
The occurrence of antiperthite in the matrix suggests that ternary feldspar existed during UHT conditions at the MP stage. We applied ternary feldspar thermometry to the reintegrated compositions of antiperthite grains in the matrix. The method for reintegration was described previously. The reintegrated compositions plot between the temperature contours of 1050 and 1100 C in the Or-An-Ab diagram (Fig. 14) . In contrast, the reintegrated compositions of perthite inclusions indicate lower temperatures (<900-1000 C), which suggest an incomplete reaction between the initial K-feldspar inclusion and the host garnet during decompression.
Jadeite-quartz-albite barometry
Augitic Cpx coexists with antiperthite, which is surrounded by Kfs lamellae-free plagioclase in the matrix. Augitic Cpx shows zonation from Jd-and CaTs-rich cores to Jd-and CaTs-poor rims. Thus, we interpret that ternary feldspar and augitic Cpx core were in equilibrium at UHT conditions in the MP stage. We applied the Jd-Qtz-Ab barometer (Anovitz, 1991) to augitic Cpx core-ternary feldspar composition pairs to estimate the pressure conditions of the MP stage. As the integrated compositions show a variation of Ab contents from 0Á41 to 0Á45, the average composition of ternary feldspar was used for the calculation. Ab and Jd activities were calculated from the models of Fuhrman & Lindsley (1988) and Anovitz (1991) , respectively. The results yield 1Á3-1Á4 GPa at 1020 C (Table 2) , which indicates a pressure decrease from the early HP stage.
LP stage (Opx-An-Mgt symplectite assemblage) Garnet-orthropyroxene-plagioclase-quartz barometry ). However, in the studied sample, the symplectite around the garnet (the inner corona) is composed of an Opx-An-Mgt assemblage. Thus, we cannot apply common thermobarometers (such as Cpx-Opx, Cpx-Pl-Qtz, Cpx-Pl, and Amp-Pl) to the symplectite assemblage. The second best way is to utilize the composition of the garnet outermost rim that is in contact with the symplectite minerals, assuming that they were in equilibrium (e.g. Zhao et al., 2001 ). This method is appropriate, because the calcic plagioclase and orthopyroxene compositions of the symplectite are almost homogeneous. As the grossular contents of garnet drop significantly in the vicinity of the symplectite, we can interpret that the rim composition of the garnet approached equilibrium with the Opx-An-Mgt symplectite during the symplectite formation stage. Therefore, to constrain the pressure condition of the LP stage, we applied the GrtOpx-Pl-Qtz barometer (Newton & Perkins, 1982; Eckert et al., 1991) to the calcic plagioclase (An 88 ) and Opx compositions (Supplementary Data Tables S5 and S6) in the symplectite combined with the adjacent low-grossular garnet rim composition (Table 3) . Grt-Opx-Pl-Qtz geobarometry using the Newton & Perkins (1982) and Eckert et al. (1991) calibrations yields 0Á77 GPa and 0Á73 GPa (at 850 C), respectively (Table 3) . However, these values should be regarded as the maximum estimate for pressure, because the Opx-An-Mgt symplectite was formed in quartz-undersaturated conditions. Thus, we suggest that the final symplectite formation stage occurred at a pressure lower than 0Á7 GPa during the LP granulite-facies conditions. Significant decompression under the granulite-facies conditions was also shown by Owen & Dostal (1996) , who studied a mafic granulite from the Blansk y les massif.
Garnet-orthropyroxene thermometry
Application of the geothermometers of Lee & Ganguly (1988) and Bhattacharya et al. (1991) to Opx in the symplectite and adjacent garnet gives temperatures of 855 C and 801 C (at 0Á7 GPa), respectively (Table 3) .
ZR-IN-RUTILE THERMOMETRY
Zr contents in rutile that is in equilibrium with zircon and quartz are a very sensitive temperature indicator (Zack et al., 2004) . Zr-in-rutile thermometry has been empirically and experimentally calibrated (Zack et al., 2004; Watson et al., 2006; Tomkins et al., 2007) . Tomkins et al. (2007) experimentally evaluated the pressure effect on this thermometer in the range of 1 atm to 3 GPa. Rutile inclusions in garnet are considered to have formed during the HP stage, whereas rutile grains in the matrix formed during the MP stage. To compare the temperature conditions of rutile formations in the different pressure stages, we used the Tomkins et al. (2007) calibration. In this study, 15 rutile inclusions and 44 rutile grains in the matrix were analyzed. The pressures used for the calculation are, based on the above-mentioned geobarometric calculations, 1Á8 GPa and 1Á35 GPa for the rutile inclusions and the matrix rutile grains, respectively.
Rutile inclusions in garnet
Garnet commonly includes zircon and quartz as well as rutile. Thus, the rutile in the garnet was formed in zircon-and quartz-saturated conditions. Rutile inclusions occasionally have submicron-sized ilmenite lamellae. When we analyzed rutile inclusions, care was taken not to analyze a mixture of the host rutile and ilmenite lamellae, by detailed inspection of the BSE images. No clear relationship between Zr contents and the presence or absence of ilmenite lamellae was found. The results of the Zr analysis for rutile are shown in Table 4 . Most rutile inclusions have Zr contents in the range of 1122-1530 ppm (n ¼ 14), except for one inclusion (Rt10), which has much higher Zr contents (2580 ppm). The Zr contents of rutile inclusions are in the reported range of those in Grt-Cpx granulites from the Moldanubian Zone (Table 5) . Each rutile inclusion generally show a flat Zr profile (Fig. 15) . Application of the Zr-in-rutile thermometer to the inclusions yields a temperature range of 811-844 C, except for Rt10, which yields more than 900 C. This result is consistent with the occurrence of a pargasite inclusion ( Fig. 5 ; Supplementary Data Table  S5 ) in garnet. According to a summary of experimental data by Pattison (2003) , hornblende in mafic HP granulites is stable at lower temperatures than $850 C. The relationship between rutile grain size (diameter in thin section) and the Zr contents of rutile inclusions and matrix rutile grains is shown in Fig. 16 . Rutile inclusions (filled symbols) have low and constant Zr contents, regardless of grain size, except for Rt10, which has a slightly higher Zr content. To understand the higher Zr content of Rt10, Ca compositional mapping of the host garnet surrounding all analyzed rutile inclusions was carried out (Fig. 9) . The Ca map clearly shows that Ca decreases significantly around Rt10 and this low-Ca zone connects to the margin of the garnet along a crack. Moreover, high-An plagioclase is formed between the host garnet and Rt10 (Fig. 9) . In contrast, a low-Ca zone was not observed around other rutile inclusions (Fig. 9) . These results indicate that Rt10 could have been re-equilibrated during decompression, leading to Zr uptake from the matrix phases. On the other hand, many other rutile inclusions have low Zr contents and show no evidence of elemental modification during the decompression stage. This Ca mapping of the host garnet around rutile inclusions is useful to check whether the inclusions were completely shielded in garnet during the decompression stage, which was unclear in previous applications of Zr-in-rutile thermometry.
Rutile in the matrix
The modal abundance of quartz in the studied granulites is $35%. Moreover, the occurrences of rutilequartz contacts are found not only in the Qtz-rich domain but also in the Cpx-rich domain (Figs 2b, c and  16 ). Large rounded zircon grains are occasionally found in the matrix (Fig. 10f) . Therefore, Zr-in-rutile thermometry is applicable to rutile grains in the matrix. The Zr contents of rutile grains in the matrix are higher and more scattered (3330-9960 ppm) compared with those of the rutile inclusions (Table 4 ; Fig. 16 ). Each matrix rutile grain, as well as rutile inclusions, generally shows a flat Zr profile (Fig. 15) . These high Zr contents for rutile grains in the matrix are consistent with those reported from Grt-Cpx granulites in the Moldanubian Zone (2000-8700 ppm, Table 5 
TI-IN-ZIRCON THERMOMETRY
For the purpose of comparison with the results of Zr-inrutile thermometry, we applied Ti-in-zircon thermometry to zircon inclusions in garnet and zircon grains in the matrix. The results are summarized in Table 6 .
Typical zircon inclusions are composed of a relic core, a dark-CL sector zoned mantle and a bright-CL sector zoned rim (Fig. 10c) . The relic cores (n ¼ 2) have Ti contents of 43 and 66 ppm, which yield temperatures of 889 and 939 C. However, they are interpreted as magmatic zircon and were probably not equilibrated with rutile. The dark-CL sector domains (n ¼ 4) have Ti contents of 39-49 ppm, which give 876-903 C. The bright-CL sector domains (n ¼ 2) have higher Ti contents (54 and 57 ppm) and give slightly higher temperature (915 and 918 C) compared with the dark-CL sector domains. The results from Ti-in-zircon thermometry applied to the dark-CL and bright-CL sector domains of zircon inclusions give slightly higher temperatures than the results from Zr-in-rutile thermometry for rutile inclusions. This may result from partial resetting of the Ti contents of zircon inclusions in a higher temperature regime during early decompression. The garnet porphyroblasts commonly have radial cracks around zircon inclusions (Fig. 10c) and occasionally Opx-An-Mgt symplectite is formed along the cracks (Fig. 10d and e) . Moreover, the Ca contents of garnet around the zircon inclusions are lower than the high-Ca core of the garnet.
Zircon grains in the matrix are generally larger than those included in garnet and have much wider bright-CL sector zoned rims (Fig. 10f) , suggesting zircon growth in an advanced melting condition. The Ti contents of these zircon grains (n ¼ 7) range from 19 to 60 ppm, corresponding to 800-907 C. The lower and wider range of temperature of zircon grains in the matrix suggests that they were re-equilibrated or recrystallized in a partial melt during cooling. Inclusion, included in garnet; Cpx, Cpx domain in the matrix; Qtz, Qtz-rich domain in the matrix; b.d.l., below detection limit; n.a., not analyzed.
SHRIMP ZIRCON U-PB AGES
There are mainly two interpretations for the zircon UPb ages of granulites from the Bohemian Massif. One is that zircon grains were formed at the peak metamorphism (e.g. Krö ner et al., 2000) and the other is that they were formed during decompression or the retrogressive stage (Roberts & Finger, 1997; Kotková & Harley, 2010) . We conducted SHRIMP dating of zircon inclusions in garnet and zircon grains containing grossularrich garnet or omphacite inclusions to determine the timing of the HP stage. We analyzed zircons from sample RHU1, RHU6 and RHU8. All samples were collected from the same outcrop and show similar textures, mineral assemblages and compositions. Zircon inclusions in garnet in thin section (RHU6 and RHU1) and two separated zircon grains, which have omphacite and grossular-rich garnet inclusions, were chosen for dating from RHU8. BSE and CL images of the analyzed zircons are included in Supplementary Data Fig. S1 . Analytical results and Tera-Wasserburg plot are given in Table 7 and Fig. 17 , respectively. Six measurements of dark-CL sector zoned domains gave low Th contents (39-49 ppm) and low Th/U ratios (0Á04-0Á13), which suggest metamorphic growth under subsolidus conditions before and/or during incipient dehydration melting (Schaltegger et al., 1999) . They give 206 Pb/ 238 U ages of in the range 338-342 Ma and a concordia age of 340Á5 6 0Á7 Ma (1r), which is consistent with the ages reported from South Bohemia (e.g. Krö ner et al., 2000; Slá ma et al., 2007) . We propose that the concordia age indicates the timing of the HP stage of the studied granulite. Five measurements on relic cores yield 206 Pb/ 238 U ages in the range 344-433 Ma. These data plot on the discordia line with an upper intercept age of $ 694 6 170 Ma and a lower intercept age of 347 6 15 Ma. These relic cores have higher Th (168-440 ppm) and Th/U ratios (0Á17-0Á46), indicating the characteristics of igneous zircon (e.g. Rubatto & Gebauer, 2000) .
DISCUSSION Preservation of Zr in rutile inclusions in garnet
The Zr contents of the rutile inclusions in the highgrossular garnet of the studied granulite have significantly lower values (mostly 1122-1530 ppm) than those of the matrix rutile grains (3330-9960 ppm, Table 4 ; Fig.  16 ). These low Zr contents correspond to 811-844 C at 1Á8 GPa by Zr-in-rutile thermometry (Tomkins et al., 2007) . Similar Zr contents of rutile inclusions have also been reported for several Moldanubian Grt-Cpx granulites (Table 5) . Racek et al. (2008) and Stípská et al. (2014a) proposed that the lower Zr contents of rutile inclusions were caused by diffusional re-equilibration between the rutile inclusion and the host garnet during the cooling stage. However, here we prefer an alternative interpretation for our sample, in accordance with Zack et al. (2004) , that rutile inclusions in garnet can preserve their initial Zr contents owing to the shielding by the host mineral. In general, the compositions of smaller inclusions are more strongly modified during the cooling stage (e.g. Ozawa, 1984; Spear & Parrish, 2001) . If the rutile inclusions in our study have been modified by diffusional exchange with the host garnet during the cooling stage, we can expect that smaller rutile inclusions should have systematically lower Zr contents. However, this is not the case because most rutile inclusions have similar Zr contents, regardless of inclusion size (filled circles in Fig. 16 ). Therefore, modification of Zr contents in the rutile inclusions during cooling appears less likely.
Moreover, the decrease of the Ca content of the garnet is observed only around the Rt10 inclusion, which has a higher Zr content than any of the other rutile inclusions, and this low-Ca zone continues up to the garnet margin (Fig. 9) . This observation suggests that the 'shield effect' was incomplete for the Rt10 inclusion and some Zr uptake (increase) from the matrix might have occurred during the decompression stage, contrary to the model proposed by Racek et al. (2008) and Stípská et al. (2014a) . Therefore, these inclusions without a Ca-depletion halo are interpreted as having been completely shielded during the decompression stage, thereby preserving their initial Zr contents.
It is necessary that Zr diffusion in garnet was slow for Zr to be effectively shielded in a rutile inclusion, because Zr diffusion in rutile is not particularly slow at high temperature (Cherniak et al., 2007) . Generally Zr 4þ is substituted in the octahedral site of garnet, where the endmember is known as kimzeyite (Ca 3 Zr 2 Al 2 SiO 12 ). In this case, Zr 4þ is exchanged with Al 3þ on the octahedral site coupled with exchange of Si 4þ on the tetrahedral site with Al 3þ to maintain charge balance (Fraser et al., 1997; Degeling et al., 2001; Endo et al., 2009; Kelsey & Powell, 2011) . Thus Zr diffusion in garnet is expected to be very slow, although no reliable experimental Zr diffusion data for garnet exist yet.
Slow diffusion of Zr in garnet is supported by the Zr profiles in garnet measured in this study. Garnet porphyroblasts in the studied granulite preserve Zr growth zoning as well as other REE (Fig. 4c) . Thus it is not likely that Zr was homogenized by diffusion at high temperatures. Moreover, Zr in garnet does not increase in the vicinity of rutile inclusions (Fig. 8) . If Zr was released from rutile inclusions to the host garnet by reequilibration, the Zr contents of the host garnet surrounding rutile inclusions should be higher. However, this is not observed. Thus we propose that most rutile inclusions, except Rt10, which was not shielded completely, preserve the initial Zr contents when they were included in garnet and the calculated temperatures of $830 C represent the temperature condition when they were included in the garnet. Errors are 1r; Pb c and Pb* indicate the common and radiogenic portions, respectively. Common Pb corrected using measured 204 Pb.
Interpretation of Zr-in-rutile thermometry in the matrix
The Zr contents of rutile grains in the matrix yield much higher and more scattered results (3330-9960 ppm) compared with those of the rutile inclusions (Table 4 ; Fig. 16 ). The rutile grains in the Qtz-rich domain have lower Zr contents (3330-5840 ppm, yielding 898-985 C) compared with those in the Cpx-rich domain (6770-9960 ppm, yielding 980-1066 C) . In previous studies, a large scattering of Zr contents between grains has been reported from high-temperature granulite-facies rocks (e.g. 500-10 000 ppm, Jiao et al., 2011; Kooijman et al., 2012; Ewing et al., 2013) . The abovecited researchers generally suggested that the lower Zr rutile grains in the matrix were formed from retrogressive re-equilibration. Generally the rutile grains in the Qtz-rich domain are coarser and occur as more elongated grains compared with those in the Cpx-rich domain, where they occur as fine euhedral grains. Thus we propose that the lower temperatures of rutile grains in the Qtz-rich domain were caused by re-equilibration during cooling, facilitated by deformation. In contrast, the rutile grains in the Cpx-rich domain are generally less deformed and have smaller sizes and euhedral shapes. The higher temperature results (980-1066 C) for the Cpx-rich domain are consistent with that of ternary feldspar thermometry (1050-1100 C) applied to antiperthite in the matrix (Fig. 14) . Thus we suggest that these grains have preserved the initial Zr contents without significant retrogressive re-equilibration. Therefore, the results of Zr-inrutile thermometry applied to the Cpx-rich domain reflect the peak temperature conditions for the MP stage.
Fe-Mg re-equilibration of omphacite inclusion in garnet
The Zr compositions of rutile inclusions were hardly modified during higher temperature metamorphism and could principally preserve the initial compositions when they were included in garnet. In contrast, Fe-Mg thermometry applied to omphacite inclusions and host garnet composition pairs yields much higher temperatures than the Zr-in-rutile thermometry. The grain size of omphacite inclusions in the studied granulite is relatively small (<200 lm) and Fe-Mg interdiffusion both in garnet and in clinopyroxene is expected to be fast under high-temperature conditions (Ganguly et al., 1998; Mü ller et al., 2013) . Thus, the Fe-Mg compositions of omphacite inclusions could be re-equilibrated, even in a short time.
Here, we show a simple test for Fe-Mg diffusional reequilibration of Cpx inclusions at 1000 C. According to Crank (1975) , the diffusion solution in an initially homogeneous sphere with a fixed surface composition is
for r ¼ 0, and
for r > 0, where erfc is the complementary error function and a is the radius of Cpx, of which the largest inclusion size is assumed to be 100 lm, C is the X Mg composition, r is distance from the core of Cpx, C 0 and C 1 are the initial composition at 830 C and the surface composition at 1000 C, respectively [C 0 and C 1 are assumed to be 0Á863 and 0Á790 from an omphacite inclusion and its host garnet compositions (G8) and the Fe-Mg thermometer equation (Powell, 1985) , although C 0 and C 1 values have no effect on the duration of Fe-Mg reequilibration in this test], D is the Fe-Mg interdiffusion coefficient of Cpx [1Á92 Â 10 -16 cm 2 s -1 at 1000 C, calculated from diffusion data reported by Mü ller et al. (2013) ], and t is time.
The calculated composition (X Mg ) profile for different t (kyr) is shown in Fig. 18 . The calculation indicates that diffusional re-equilibration of X Mg proceeds rapidly at 1000 C and if the duration of high-temperature conditions is longer than 10 kyr, the Fe-Mg composition of Cpx would be completely reset. Therefore, a Cpx inclusion in garnet is likely to re-equilibrate during decompression, even if for a very short duration. It has long been argued that erroneous P-T paths of granulites could be estimated from re-equilibration of the Fe-Mg thermometer during cooling (Frost & Chacko, 1989; Harley, 1989; Fitzsimons & Harley, 1994) . Potential FeMg re-equilibration may also cause a significant problem in the estimation of the decompression P-T path of HP Grt-Cpx granulites. As shown in this study, if significant heating occurred during the decompression stage, the estimated temperature from Fe-Mg compositions of Grt-Cpx pairs will be shifted to higher temperatures than the true temperature, and may result in an apparent isothermal decompression P-T path, which is similar to those proposed for the Moldanubian Grt-Cpx granulite in previous studies. Therefore, Grt-Cpx Fe-Mg thermometers or X Fe contours in pseudosection analyses may not be applicable for inferring temperature conditions at the peak pressure stage and decompression P-T paths. We demonstrate that the combined use of Zr-in-rutile thermometry and Grt-Cpx barometry (or Jd-Qtz-Ab barometry) is a powerful method to estimate the decompression P-T path of Grt-Cpx granulites.
Inferred decompression P-T path
The results of thermobarometric calculations in this study are summarized in Fig. 19 . The early HP metamorphic stage is well constrained at 830 C and 1Á8 GPa by Zr-in-rutile thermometry, and Grt-Cpx/Jd-Qtz-Ab barometers applied to inclusions in garnet. The MP stage at 1000-1050 C and 1Á3-1Á4 GPa is provided by Zrin-rutile thermometers and the Jd-Qtz-Ab barometer applied to rutile, augitic Cpx, and ternary feldspar compositions reintegrated from antiperthite in the Cpx-rich domain of the matrix. Temperature conditions of >1000 C are also supported by the results of ternary feldspar thermometry. The final LP stage is constrained to 800-850 C and <0Á7 GPa from the combined application of Grt-Opx thermometry and Grt-Opx-Pl-Qtz barometry.
Our results differs greatly from previous P-T estimations for the 340 Ma HP granulites from the Bohemian Massif in that the HP stage was at much lower temperature (830 C) than the MP stage. Traditionally mafic to intermediate (Grt-Cpx) and felsic granulites from the Bohemian Massif have been interpreted to have isothermal or near-isothermal decompression P-T paths after the pressure and temperature maximum (Carswell & O'Brien, 1993; Kryza et al., 1996; Rö tzler & Romer, 2001; O'Brien & Rö tzler, 2003; Kotková , 2007; Stípská et al., 2014a) . The difference between our P-T estimation for the early HP stage and those of previous studies mainly comes from our application of rutile thermometry to the inclusion assemblages in garnet, which have a higher resistance to re-equilibration during subsequent ultrahigh-temperature overprinting.
Although it is difficult to determine the precise P-T path of the studied granulite from our thermobarometric Fig. 18 . Calculated X Mg diffusion profiles of a spherical Cpx with 100 lm radius and initially homogeneous composition (C 0 ¼ 0Á863) and a fixed rim composition (C 1 ¼ 0Á790), based on the analytical solution for diffusion in a sphere (Crank, 1975) . The diffusion coefficient was calculated at 1000 C using the data of Mü ller et al. (2013) . The label of each profile indicates time (t) in kyr. Fig. 19 . Pressure-temperature path of the studied Grt-Cpx granulite. HP, MP and LP indicate the metamorphic stages determined in this study. Rt (Inc), Rt (Cpx), Rt (Q) indicate Zr-inrutile thermometry (Tomkins et al., 2007) applied to rutile inclusions in garnet, rutile grains in the Cpx-rich domain (matrix), and those in the Qtz-rich domain (matrix), respectively. GrtCpx is the Grt-Cpx barometer (Beyer et al., 2015) . Jd-Qtz-Ab is the jadeite-quartz-albite barometer (Anovitz, 1991) . Grt-OpxPl-Qtz is the garnet-orthopyroxene-plagioclase-quartz barometer (Newton & Perkins, 1982; Eckert et al., 1991) . Grt-Opx is the garnet-orthopyroxene thermometer (Lee & Ganguly, 1988; Bhattacharya et al., 1991) . Fls is the feldspar thermometer (Fuhrman & Lindsley, 1988). results only, we propose that the studied Grt-Cpx granulite could have been heated during decompression from the HP stage to the MP stage. If it underwent prograde metamorphism in the HP conditions without decompression (thus, from 830 C to >1000 C at 1Á8 GPa), garnet is likely to have higher temperature rutile inclusions. However, such rutile inclusions are never found in garnet in the studied granulite, except for a few grains that were re-equilibrated during decompression owing to incomplete shielding by garnet. The core compositions of large (>64 mm) omphacite inclusions in garnet are in a limited range and the equilibrium constants of reaction (1) yield K ¼ 0Á6-0Á7 ($1Á8 GPa at 830 C) when they are paired with grossular-rich garnet cores. If omphacite was included in garnet at HP (1Á8 GPa) and UHT ($1000 C) conditions, K $ 1Á0 is expected. However, such large omphacite inclusions are not found in garnet. Thus neither rutile nor omphacite inclusions in grossular-rich garnet provide evidence for UHT conditions at HP. From the above discussion, it is most reasonable that the studied granulites were heated during decompression from the HP stage to the MP stage. Subsequently, they were cooled during further decompression. O'Brien (2000) classified Variscan rocks into two types, based on an extensive review of their P-T evolution and geochronological data. The first type underwent HP metamorphism during pre-Carboniferous (pre-340 Ma) subduction and subsequently experienced an LP granulite-facies overprint in the Carboniferous. The evolutionary history of this type has been described in detail in the Bohemian Massif (O'Brien, 1997; Faryad et al., 2013; Scott et al., 2013; Faryad & Fi sera, 2015; Jedlicka et al., 2015; Faryad & Zá k, 2016) . The second type underwent HP-HT metamorphism during Carboniferous ($340 Ma) subduction and was exhumed very rapidly. The later type is known as Bohemian HP granulite and occurs widely in the Moldanubian Zone, Saxothuringian Zone and Sudetes. Owing to rapid exhumation of the rocks, almost all HP granulites have initial nearisothermal to isothermal decompression P-T paths from the peak P-T conditions (e.g. Kotková , 2007) .
Tectonic implications
The studied Grt-Cpx granulites were collected from the Blansk y les massif of South Bohemia, where the second type of rock occurs widely. Because the metamorphic rims of zircon (mainly dark-CL sector zoned domains with low Th/U) included in high-grossular garnet yield a SHRIMP U-Pb age of $340 Ma, the HP stage of the studied Grt-Cpx granulite was at 340 Ma. This age is consistent with zircon U-Pb ages from the Blansk y les Massif reported in the literature (e.g. Krö ner et al., 2000; Slá ma et al., 2007) .
Evidence for a significant temperature increase ($200 C) in the Grt-Cpx HP granulites of this study has significant implications for understanding of the origin and exhumation tectonics of HP granulite in the Bohemian Massif. In South Bohemia, 340 Ma LP prismatic zircons, which occur in cordierite melt pods in a felsic granulite, were dated by Krö ner et al. (2000) . The indistinguishable zircon ages of the HP and LP stages indicate that both rapid temperature increase from at least 830 C to >1000 C and rapid exhumation from mantle depths to the lower to middle crust are necessary for the evolution of the studied Grt-Cpx granulites. O'Brien (2008) proposed a tectonic model that involves deep subduction of continental lithosphere followed by delamination of the buoyant upper crust from the lower crust and mantle and rapid exhumation of this material. It is well known that the whole-rock chemistry of felsic granulites in the Bohemian Massif has an upper crustal character (Kotková , 2007) . In the Blansk y les massif, felsic granulites (i.e. the upper crust of O'Brien, 2008) could have been exhumed from a deeper level than the studied Grt-Cpx granulite, because many garnet peridotite lenses accompany the felsic granulites. Naemura et al. (2009a) showed that garnet peridotite lenses in felsic granulite at the Ple sovice quarry were formed at 2Á3-3Á5 GPa. Although no direct evidence of UHP metamorphism from felsic granulites has yet been reported in the Blansk y les granulite massif, UHP minerals such as microdiamond and coesite have been reported in other felsic granulites in the Moldanubian Zone (Perraki & Faryad, 2014) . If delamination and rapid exhumation of the upper crust occurred, as proposed by O'Brien (2008) , the mafic lower crust of the footwall could have been scraped off by the exhuming felsic rocks and incorporated into the felsic rocks. In this case, the felsic rocks are expected to have been at higher temperature than the incorporated mafic crustal rocks, because the felsic rocks were rapidly exhumed from deeper parts of the continental collision zone. Thus, the incorporated mafic crustal rocks may have been heated during exhumation.
This model is consistent with the mode of occurrence of the Grt-Cpx granulites, which always occur as small lenses (Slá ma et al., 2007; Faryad et al., 2010; Stípská et al., 2014a Stípská et al., , 2014b or thin layers (Cooke, 2000; Cooke & O'Brien, 2001; O'Brien, 2008) in felsic granulites, as well as the rapid temperature increase and rapid exhumation. Stípská et al. (2014a Stípská et al. ( , 2014b ) also reported a good field occurrence showing the relationship between Grt-Cpx granulite and surrounding felsic granulites from the Klet' area of the Blansk y les Massif. This occurrence indicates that the surrounding felsic granulites were much more mobile (had lower viscosity) compared with the Grt-Cpx granulites. Zack et al. (2004) reported that the Zr contents of rutile inclusions indicate UHT conditions and the matrix rutile grains yield lower temperature than the inclusions in felsic granulites from the Bohemian Massif. This relation is opposite to the rutile temperatures from this study, which support our tectonic model.
What is interesting is that the occurrences of similar low-Zr rutile and omphacite inclusions in highgrossular garnet are not uncommon in Grt-Cpx granulites in South Bohemia (Slá ma et al., 2007; Racek et al.,
